A b s t r a c t. This study deals with the rheological properties of wine lees. Samples of wine lees of the Saint Laurent variety were used in this experiment. The investigated wine lees arose in the process of production red grape wine in 2013 (Czech Republic). At first, the chemical background was determined. The chemical background includes the following chemical parameters: total acidity, pH, alcohol content, reduced sugars, free SO 2 , total SO 2 , and volatile acid. In the second phase of the study, physical properties were determined. Specifically, a sample of wine lees was subjected to rheological tests. These tests consisted in determination of dependence of dynamic viscosity on the temperature, hysteresis loop tests, dependence of dynamic viscosity on the time and step-down in the shear rate test. The experiment demonstrated that the dynamic viscosity increased with increased temperature -this phenomenon is caused by thermolabile proteins -and the wine lees has rheopectic behaviour; the degree of rheopexy was found to rise with the increasing temperature.
INTRODUCTION
Given the increasing demands for protection of the environment, wineries look for newer and more economical technologies. These demands are obvious especially in the branch of wine lees processing. The choice of suitable recycling processes with use of new technologies can significantly contribute to environmental protection (Zimmer, 2006) .
The grapevine is most commonly grown kind of fruit worldwide. Currently, the area of vineyards is about 7.9 mln ha. Europe holds an approximately 57% share, which means about 4.5 mln ha of vineyards. According to an estimate of the Organisation Internationale de la Vigne et du Vin (OIV, 2009) , 66.5 mln t of vine grapes per year is processed worldwide. From this amount, 38 mln t of vine grapes per year are processed in Europe. Therefore, 1.6 mln t of wine lees arise only in European conditions every year. From the point of view of waste management, wine lees represents biologically degradable waste produced in the FDM (Food-Drink-Milk) sector. In accordance with basic principles of waste management valid across the European Union, it is necessary to implement waste-free technologies. Wine lees must not be strictly discharged to the municipal wastewater treatment plant. The reason is that the properties of wine lees may cause disruption of biological processes in the wastewater treatment plant.
Generally, rheological properties of beverages are very often discussed in papers of other authors. These are mainly orange and tomato juices (Giner et al., 1996; Ibarz, 1999; Tiziani and Vodovotz, 2005) , but many papers deal with grape juices (Arslan et al., 2005; Bayindirli, 1993; Zuritz et al., 2005; ) . The basic rheological properties of wine have been evaluated only in a few papers, for example, in the work of Košmerl et al. (2000) . It is obvious that knowledge of the thermophysical and chemical properties of wine, especially density and viscosity, are essential for the design and evaluation of industrial processing equipment. This information is necessary for a variety of research and engineering applications over a wide range of concentrations and temperatures (Košmerl et al., 2000) . The same applies for the properties of wine products such as wine lees, which are not known properly. The aim of this work was to measure the rheological properties of wine lees.
MATERIAL AND METHODS
Wine lees of the Saint Laurent variety were used in this experiment. The wine lees created solid sediment on the bottom of a fermentation vessel with a volume of 0.4 m 3 . The wine lees contain live and dead yeast cells, insoluble proteins, dyes, and crystals of calcium tartrate or potassium bitartrate. The content of wine lees depends not only on the sort of the wine but also on the processing method. According to other authors (Marchal et al., 2003) , wine lees contain nitrogenous substances (66.6%), nitrogenous-free substances (5.4%), fat (6.6%), and ash (21.4%).
There are several methods designed for measurements of the rheological behaviour of substances with different types of measurement geometry such as concentric cylinders, cone and plate or parallel plates (Vítěz and Severa, 2010 ). An extensive overview of the measurement techniques for rheological testing is given in the paper of Boger et al. (2009) . Measurement of rheological properties was performed using this study was performed using an Anton Paar MCR 102 rheometer (Austria) with plate-plate measurement geometry. The diameter of the plate was 50 mm. The gap was set on the value of 0.5 mm. The gap was set with respect to the behaviour of the sample at a higher shear rate, when the liquid starts to leak out of measuring vessel. The constant shear test was performed at a value of the shear rate of 50 s -1 . A hysteresis loop test was performed at an interval of a shear rate from 0 to 100 s -1 at temperatures 5, 15, 25, and 35°C.
The rheological experiments were performed with a nondiluted sample and with diluted samples at various rates. The flow curves were modelled using the following model: Herschel-Bulkley model:
( 1) where: τ -shear stress (Pa), τ 0 -yield stress (Pa), K -consistency coefficient (-), n -flow behaviour index (-), γ -shear rate (s -1 ). The change in the dynamic viscosity in dependence on temperature was measured at a temperature range of 5-50°C. The shear rate was constant with a value of 50 s -1 . The density of individual samples was measured using the pycnometer method. For this purpose, pycnometers with a volume of 50 ml and an analytical balance Radwag AS 220/X (Poland) with an accuracy of 0.0001 g were used. For each sample of the liquid, the density value was determined in three repetitions.
RESULTS AND DISCUSSION
The measured chemical-physical properties are shown in Table 1 . These values are very similar to those obtained in rheological experiments with wines. For example, in the paper of Košmerl et al. (2000) , the pH of Merlot wine was 3.50 and total acidity was 5.59 g l -1 . These values are in accordance with data obtained for wine lees. However, the density of wine lees is different. This is caused by the content of organic particles in wine lees. Therefore, the density of wine lees is higher.
The first rheological test consisted in measurement of the dependence of dynamic viscosity on the temperature. This dependence is shown in Fig. 1 . From the figure, it is evident that the trend of the curve is atypical. Generally, values of dynamic viscosity decrease with increasing temperature, which is also valid for beverages, especially wine (Košmerl et al., 2000) . Different alcoholic beverages exhibit the same trend, for example beer (Severa et al., 2009) . However, the trend of the relationship between dynamic viscosity and temperature of wine lees is different. Dynamic viscosity increased with increasing temperature. The breakdown temperature was 33°C, where the curve steeply increased.
According to Boulton et al. (1996) , one of causes of this state can be the dispersive character of wine lees. Wine lees create a dispersive system, consisting of particles with various sizes, ie right solutions (particle size: less than 10 -9 m), colloidal solutions (particle size: 10 -9 -5 10 -7 m), and suspended particles (particle size more than 10 -7 m). As reported by Zimmer (2006) , viscosity of wine lees is mainly influenced by colloids. Colloids perform thermal motion (Brownian motion), gradually diffuse and settle, give rise to osmotic pressure, and participate in formation of gels. Wine lees contain relatively big amounts of thermolabile proteins. When the temperature increases above critical temperature, these proteins coagulate, hence viscosity increases, too (Monteiro et al., 2001) .
The comparison showed that the values of dynamic viscosity of wine lees was 0.102 Pa s -1 at 20°C and the dynamic viscosity of wine at the same temperature was 1.5 10 -3 Pa s -1 (Košmerl et al., 2000) . The next step was to carry out the hysteresis loop test. The results are shown in Figs 2 and 3. It is evident from both figures that the measured samples are non-Newtonian at the considered temperature interval. The reason is that the hysteresis loops was created in the process of the tests, where the hysteresis area increased with higher temperature. The values of hysteresis areas are shown in the Table 2 .
The value of hysteresis area can be considered as a measure of the degree of thixotropy (Battistoni, 1997) . However, the hysteresis area cannot be a sole measure for evaluation of thixotropy or antithixotropy. For example, Baudez (2006) demonstrates that the hysteresis area is simply a consequence of shear localization rather than thixotropic behaviour and its area is closely linked to the apparatus and the data sampling (Baudez, 2006) . This means that the loop test is only an approximate test for rheology evaluation of samples. Hence, there is a necessity of development of new types of rheological tests.
From Table 2 , it is evident that the biggest hysteresis area was created at the temperature of 35°C, and in the case of increasing temperature, the hysteresis area increased as well. This is the next sign confirming that, during a temperature change, the structure of substance changes as well.
The data measured in the hysteresis loop test was evaluated with the use of the Herschel-Bulkley model. This model is used for description of the flow curve for material with shear-thinning or shear-thickening behaviour. The results of modelling are shown in Table 3 . From the presented data, it is obvious that this model can be used only for low temperature, specifically 5 and 15°C. At these temperatures, the hysteresis areas were very small and the coefficient of determination was very high. At higher temperatures, the coefficient of determination decreased very quickly and this coefficient was zero at the temperature of 35°C. The rheological behaviour of substances at various temperatures was different. Based on this knowledge, the sample exhibits shear-thinning or shear-thickening behaviour at low temperature (5 and 15°C) and thixotropy or rheopectic behaviour at higher temperature (25 and 35°C). A fundamental difference between these types of fluids is that the shear-thinning and shear-thickening behaviour of materials is time-independent rheological behaviour. On the other hand, thixotropy or rheopectic behaviour is time-dependent rheological behaviour. Therefore, the time dependence test was performed to confirm or reject this hypothesis.
The next rheological test deals with time-dependency of the measured substance. This test describes the dependence of viscosity on time. The results of the tests are shown in Figs 4 and 5. The curves of the measured samples exhibited 
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Wine lees (Pa s -1 ml -1 ) 0.64 -1. 87 -6.20 -76.39 increasing tendencies during the time at the whole temperature interval considered. This means that the measured samples were time-dependent fluids, and the dynamic viscosity was increasing. This indicates that the particles of the sediment contained in the samples change their structure and agglomerate. Therefore, all the measured samples were regarded as rheopectic fluid at the whole temperature interval considered. However, there is a possibility that the measured samples of wine lees can be a viscoelastic material. For example, Baudez et al. (2013) reported that raw and anaerobic digested sludge had viscoelastic behaviour and strong similarities with soft-glassy materials and raw and anaerobic digested sludge is a colloidal system similar to wine lees. Hence, the last rheological test was performed. Mewis and Wagner (2009) states that conducting experiment for this purpose a step-down shear rate procedure should be applied. This author also claims that normal viscoelastic fluids, irrespective of being in the linear or nonlinear region, would react to such shear history by a monotonic decrease in the stress to a new plateau value. Therefore, during the measurement of the shear stress, the test was stopped at a value of the shear rate of 100 s -1 . Subsequently, shear stress was measured at a value of the shear rate of 0 s -1 . The results of these tests are shown in Fig. 6 . It is obvious that the measured substances had no viscoelastic behaviour -no curves showed a monotonic decrease in the shear stress; on the contrary, all curves showed a monotonic increase in the shear rate. It therefore can be concluded that the measured wine lees exhibited rheopectic behaviour. CONCLUSIONS 1. The viscosity of a sample increases when the temperature rises. This unusual situation can be explained by the content of a relatively big amount of thermolabile proteins. When the temperature increases above a critical value, these proteins coagulate and viscosity increases.
2. Hysteresis-loops showed jaggedness of the curves. This is caused by a relatively small gap in measurement geometry when some bigger particles collide with other particles and this leads to a local increase in the shear stress. The relatively small gap was selected, because the liquid component of the sample flows out at bigger values of the shear rate.
3. It is evident from the results of the hysteresis loop tests that the measured samples are non-Newtonian liquid at the temperature interval considered.
4. The apparent viscosity of the sample increased at the constant of the shear rate. This result shows that the tested sample has rheopectic behaviour.
